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INTRODUCTION effect cellular differentiation and function (43, 60). It should

All mammals, including humans, are adapted to life in a
microbial world. Pasteur, Koch, Metchnikoff, and Escherich
laid the conceptual groundwork for our present views of host-
microbe interactions (51). Pasteur postulated that microbes
are necessary for normal human life (176). Metchnikoff
claimed that the composition of the flora is essential for the
well-being of the host and stressed the importance of interac-
tions between host and bacteria (129, 130). Escherich was
convinced that accurate knowledge of the endogenous flora
was essential not only for understanding the physiology of
digestion but also for understanding the pathology and therapy
of microbial intestinal diseases (53). Despite these early in-
sights, scientists have only recently developed methods that
allow them to directly characterize the molecular mechanisms
underlying the establishment and maintenance of various mi-
crobial ecosystems located on our mucosal surfaces.

Understanding the cross talk that occurs between microor-
ganisms and their eukaryotic hosts under nonpathogenic con-
ditions promises to expand our views of how bacteria affect and
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also help us understand the shifting boundary between “non-
pathogenic” and “pathogenic” relationships. Characterizing
the cross talk represents an experimental challenge because of
its subtlety, in contrast to the often dramatic manifestations of
interactions between classical pathogens and their hosts (60,
61). A key experimental strategy for defining the conversations
that occur between microorganisms and their hosts is to first
define cellular function in the absence of bacteria (i.e., under
germ-free conditions) and then to evaluate the effects of add-
ing a single or defined population of microbes.

Rearing mammals under germ-free conditions has devel-
oped into a scientific field of its own, termed gnotobiology
from the Greek “yvwouws” (gnosis), meaning knowledge, and
“Buoo” (bios), meaning life (73, 74). The power of germ-free
technology lies in the ability to control the composition of the
environment in which a multicellular organism develops and
functions. The combined use of genetically manipulatable
model organisms and gnotobiotics has the potential to provide
new and important information about how bacteria affect nor-
mal development, establishment and maintenance of the mu-
cosa-associated immune system, and epithelial-cell functions.
Furthermore, gnotobiology can help provide new insights
about the etiologies of infectious diseases, acute and chronic
inflammatory conditions (59, 170), and possibly tumorigenesis
(70). This review highlights some of the contributions of gno-
tobiology to our present conceptualization of the dynamic,
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complex, and spatially diversified ecosystem which is estab-
lished and maintained in the mammalian gut.

OVERVIEW OF THE GUT MICROBIOTA

The number of microbes associated with the mucosal sur-
faces of adult humans is estimated to exceed the number of
host somatic and germ cells by at least 1 order of magnitude
(171). The gastrointestinal tract contains the largest number
and most complex population of these organisms. There are at
least 400 different species of bacteria in the fully assembled
(climax) microbial community of the gut (15, 171). Anaerobes
outnumber aerobes and facultative species by a factor of 100 to
1,000 (142). Differences are found in the composition of this
microbial society among different mammalian species—for ex-
ample, between ruminants and nonruminants and between
omnivores and carnivores (186).

How is this society assembled? Mammals are born without
any microorganisms. Colonization of exposed body surfaces,
including the skin, respiratory tract, genitourinary system, and
gut, starts immediately at birth. Initially, when space and nu-
trients are not limiting, bacteria with high multiplication rates
dominate. As the bacterial numbers increase and nutrient
pools are depleted, habitats become populated with more spe-
cialized species and the complexity of the flora increases. The
first bacteria that colonize the human gut are derived from the
aerobic and anacrobic flora of the birth canal. In neonates,
Escherichia coli, Clostridium spp., Streptococcus spp., Lactoba-
cillus spp., Bacteroides spp., and Bifidobacterium spp. predom-
inate (163). Bifidobacteria form the largest segment of the
fecal flora as long as infants are breast fed (29). Distinct dif-
ferences in the composition of the fecal flora are found be-
tween children from different geographic regions (1), reflecting,
in part, the impact of the environment (sanitary conditions).
The mode of delivery (146), feeding patterns (10, 151, 187),
hospitalization (119), and antibiotic treatment (12) are other
factors known to affect the composition of the gut flora in
children.

Comparisons of inbred strains of rats raised under conven-
tional conditions (i.e., with an intact microbiota), under germ-
free conditions, and initially under germ-free conditions but
later colonized with selected components of the microbiota
(ex-germ-free conditions) have demonstrated that bacteria
carry out a number of biochemical functions (133, 137). These
include the deconjugation and dehydroxylation of bile acids by
E. coli, Bacillus cereus, Streptococcus faecalis, Bacteroides spp.,
Eubacterium spp., and Clostridium spp. (132), the conversion of
bilirubin to urobilinogen by Clostridium ramosum (138), and
the metabolism of cholesterol to coprostanol by strains be-
longing to the genus Eubacterium (165). Menaquinones, i.e.,
vitamin K, are produced by a wide variety of intestinal bac-
teria, including Bacteroides, Eubacterium, Propionibacterium,
Fusobacterium, Bifidobacterium, Lactobacillus, Clostridium, Enter-
obacterium, Veillonella, Enterococcus, Enterobacteria, and Strep-
tococcus (75; reviewed in reference 87). Generation of short-
chain fatty acids is also a common feature of the climax
community, although the specific species responsible remain
undefined (95).

These metabolic activities can be used as a crude signature
of a functional microbiota (136). Compositional changes can
be monitored as humans develop by noting changes in meta-
bolic activities assignable to the flora. Analyses of such activi-
ties indicate that assembly of the microflora progresses over
several years (131).

The climax community of microbes is never static. For ex-
ample, microbiological enumeration studies and DNA finger-
printing have disclosed marked differences in the size, number,
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and types of Lactobacillus and Bifidobacterium subpopulations
between and within adult individuals (128). A habitat in the
gastrointestinal tract will, at any given time, be populated by
native (resident or autochthonous) species and a variable set of
transient (allochthonous) species that only temporarily fill an
empty niche (171). Allochthonous bacteria can represent
strains whose resident habitat is located in a more proximal
region of the gut or organisms that have been ingested. The
composition of the “normal” microflora in a given region of
the gut is difficult to define even within a given individual, not
only because of the problem of distinguishing resident from
transient species but also because of the difficulty in culturing
most components ex vivo. The term “microbiota” has been
used to describe the collective societies of bacteria assembled
on the mucosal surfaces of an individual (171). It should be
possible to provide a more comprehensive description of the
composition of an individual’s gastrointestinal microbiota, in-
cluding societal members that cannot be cultured ex vivo, by
using nucleotide sequencing strategies that target ribosomal
DNAs (152a).

It is remarkable that the intestinal ecosystem is able to
establish and maintain a microbiota that has functional stabil-
ity (as opposed to absolute numerical or compositional stabil-
ity). Several factors constantly challenge the stability of the
microbial community. The intestinal epithelium and the over-
lying mucus layer turn over rapidly and continuously through-
out life (see below). The ecosystem is open. Peristaltic activity
ensures perpetual exposure of a given segment of the gut to a
wide variety of allochthonous bacteria, dietary macromole-
cules, and gastric, pancreatic, and biliary secretions.

The factors that allow components of the microbiota to
establish and maintain their regional habitats are largely un-
known. Each of the intestine’s four self-renewing epithelial cell
lineages maintains regional differences in its differentiation
program (50, 55, 162). Components of the gut-associated im-
mune system also have distinct distributions along both the
duodenal-colonic and crypt-villus axes (64, 199). Integration of
the ecosystem into the host is probably achieved in part
through these preexisting regional variations in the epithelium
and mucosal immune system and in part through “conversa-
tions” that allow members of the microbiota to modify the host
and thus create favorable niches for themselves.

As discussed below, these conversations can be viewed as
comprising a “trialogue” involving bacteria, the epithelium,
and components of the gut-associated immune system. Before
examining the evidence that members of the microbiota mod-
ulate differentiation of the gut mucosa, it is important to sum-
marize the pathways for epithelial cell renewal in the adult
mouse and human intestine.

EPITHELIAL CELL RENEWAL IN THE MOUSE
AND HUMAN INTESTINE

Figure 1 summarizes the pathways of epithelial cell renewal
in adult mice and humans. In the more thoroughly studied
mouse model, the turnover time for the entire epithelial cell
population averages 60 h (36, 37). Proliferation occurs in flask-
shaped mucosal invaginations known as the crypts of Lieberkiihn.
A small intestinal crypt in the adult mouse contains an average
steady-state population of 250 epithelial cells. All epithelial
cells in each crypt are derived from an uncertain number of
multipotent stem cells located at or near the base of the crypt
(20, 21, 34, 35, 3941, 122, 206, 207). The descendants of the
stem cells are amplified through an estimated four to six
rounds of cell division, forming a rapidly cycling population of
transit cells located in the midportion of each crypt (159). On
average, a crypt produces about 12 cells per h or 300 new cells
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D Mouse Human
Cells/crypt 250 450

Cell cycle 10-18h  20-73h
Stem cell cycle  ~24h >36h
Stem cells/crypt 4-16 ?

Transit cell
generations  4-6 >4-6

Crypts/villus 6-10 ~6

Crypts/intestine 1-3x10° 2

FIG. 1. Epithelial renewal in the small intestine. (A) Whole-mount preparation of the small intestine from an adult chimeric mouse raised with a conventional
microbiota. The mouse was produced by using materials from two inbred strains: embryonic stem cells from one strain (129/Sv) were introduced in blastocysts from
another strain (C57BL/6; abbreviated B6). The small intestine of the resulting adult chimera is composed of patches of 129/Sv crypt-villus units and patches of B6
crypt-villus units. All B6 epithelial cells in this mouse contained a locus known as ROSA26, which directs the production of an E. coli B-galactosidase marker (63, 210).
This marker allows B6 cells to be identified with a simple histochemical stain (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside [X-Gal]). Positively stained B6 cells
appear blue. None of the 129/Sv epithelial cells contain the ROSA26 locus, and their lack of B-galactosidase makes them appear white. The whole-mount is seen from
above. Villi appear as tongue-like projections. The base of each villus is surrounded by crypts, which cannot be seen. Each crypt is monoclonal: it contains epithelial
cells that are either all B6 or all 129/Sv but not a mixture of both. (B) Villi located near the border of patches of monoclonal B6-ROSA26 crypts and patches of
monoclonal 129/Sv crypts appear striped (arrows). These villi are composed of vertical coherent columns of wholly 129/Sv (white) epithelial cells emanating from
monoclonal 129/Sv crypts and adjacent columns of B6 (blue) epithelial cells emanating from monoclonal B6 crypts. The borders of these cellular columns are very
distinct, illustrating the highly organized migration of epithelial cells from the base to the tip of the villus. (C) Section from the whole-mount preparation. The section
has been stained with X-Gal plus nuclear fast red. The villus on the right is supplied by a B6-ROSA26 crypt that contains an entirely B-galactosidase-positive population
of blue cells and by a 129/Sv crypt that contains only B-galactosidase-negative cells. One of the crypts is boxed. (D) Estimates of small-intestine epithelial cell dynamics
in the crypt-villus units of mice and humans. Data from reference 157.
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per day. Crypts supply cells to tongue-shaped villi (Fig. 1).
Several crypts surround the base of each villus; the number
varies along the proximal-distal axis of the small intestine and
with age (38, 212). Three of the four principal epithelial cell
lineages arising from the multipotent stem cell differentiate
during an upward migration from the crypt to an associated
villus. These include columnar absorptive enterocytes (com-
prising >80% of all epithelial cells), mucus-producing goblet
cells, and enteroendocrine cells. Migration from the crypt to
the villus tip is completed in 2 to 5 days. The velocity of cell
movement is remarkable: 0.75 to 1 cell diameter per h near the
crypt-villus junction (159). The cellular migration is also re-
markably well organized: studies of chimeric mice have shown
that cells from each crypt migrate up an adjacent villus in
coherent columns (86, 174) (Fig. 1A and B). Once the cells
arrive at the villus tip, they are removed by exfoliation or
apoptosis.

Paneth cells represent the fourth lineage arising from the
multipotent stem cell. Members of this lineage differentiate
during a downward migration to the base of the crypt, where
they reside for about 20 days before being phagocytosed by
neighboring cells (20, 35). A variety of functions have been
attributed to Paneth cells, including modulation of the micro-
bial flora through secretion of lysozyme and a family of anti-
microbial peptides known as cryptdins (152).

A given crypt-villus unit maintains an approximate steady-
state cellular census over the period required to renew its
epithelium. However, when viewed over a timescale of weeks
or months, it appears that this static view is unwarranted and
that there is continued production of new crypts and new villi
(194). The size of the mouse intestine increases with age and
weight (150). The number of crypts surrounding each villus
increases as the animals age (38). A crypt is a dynamic struc-
ture: it divides through bifurcation (doubling time, ~110 days
[19, 120]), apparently after its cellular population expands to a
critical size (194). Some studies have estimated that as many as
3 to 10% of crypts are in the process of dividing (19, 38, 194).

The magnitude of cell renewal is impressive. One cell divi-
sion occurs, on average, every 5 min in each of the approxi-
mately 10° crypts in the adult mouse small intestine (79). Each
villus discharges an average of 1,400 cells per day. A total of
10° new cells (~1 g) are produced every 5 days in the small
intestine (reviewed in reference 157). Extrapolating, this
means that a 25-g mouse will renew a mass of intestinal epi-
thelial cells equal to its body weight every 4 months.

In humans, the cell number is greater in small intestinal
crypts (estimated average, 450 cells), the cell division time is
thought to be twice as long as in mice, and the number of
amplifying transit cell generations is believed to be greater (157,
158, 211) (Fig. 1D). Croft and Cotton (47) have calculated that an
adult human produces 50 X 10° intestinal epithelial cells per min.
This is equivalent to ~250 g of cells per day.

Figure 2 summarizes the differences between the epithelial
cell dynamics of human versus mouse colonic crypts. The up-
ward migration of cells from colonic crypts ends with their
incorporation into a homolog of the villus—a hexagonal cuff of
cells that rings the orifice of each crypt (175, 210). There are no
Paneth cells in the normal colon (26).

To appreciate host-microbe interactions in this ecosystem, it
is important to consider the time course of intestinal morpho-
genesis. Development of the mouse intestine proceeds through
the third postnatal week (31). The gut endoderm undergoes
rapid remodeling from embryonic days 15 to 19, as a wave of
cytodifferentiation moves proximally to distally, converting the
pseudostratified epithelium to a monolayer of columnar epi-
thelial cells. Villi first arise coincident with this cytodifferenti-
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Human
2250

Mouse

Cells/crypt 300-450
Cell cycle 15-36h  36-96h
Stem cell cycle  >36h >36h
Stem cells/crypt 1-4 ?
Transit cell
generations

9-9 >9-9

FIG. 2. Epithelial cell renewal in the colon. (A) Whole-mount preparation of
colon from the B6-ROSA26-129/Sv chimeric mouse in Fig. 1. The colon does not
have villi. Cells emerge from colonic crypts and are incorporated into surface
epithelial cuffs that surround the orifice of each crypt. These cuffs represent
homologs of small-intestine villi. (B) Section from the colon that has been
stained with X-Gal and nuclear fast red. Like small-intestine crypts, colonic
crypts are monoclonal. Surface epithelial cuffs associated with adjacent 129/Sv
and B6-ROSA26 crypts are indicated by arrows. (C) Estimated values for colonic
crypt cell populations. Data from reference 157. These estimates are less accu-
rate than the corresponding estimates for small-intestine crypts.

ation. In late fetal life, villi are separated by a proliferating
intervillus epithelium (175). Crypts form as this intervillus ep-
ithelium undergoes reshaping during the first two postnatal
weeks. The crypts then multiply rapidly by division during the
third postnatal week (153). The apical extrusion zones of villi
become active at birth (31). Villi lengthen during the first 3 to
4 weeks as cell production exceeds cell loss (3, 31).

In humans, villi appear between 9 and 10 weeks of gestation.
By 12 weeks, crypts have formed. At 17 weeks of gestation, all
intestinal epithelial cell lineages are apparent (195).
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IMPACT OF THE MICROFLORA ON THE INTESTINE
General Architectural Effects

Bacteria have a direct impact on the morphology of the gut.
The responsibility for degradation of mucus glycoproteins pro-
duced by the epithelium is assigned to components of the
intestinal microbiota (121), such as Peptostreptococcus micros
and members of the genera Ruminococcus and Bifidobacte-
rium, that produce a variety of glycoside hydrolases (32, 89).
Germ-free animals exhibit a dramatic enlargement of their
cecum—the segment of intestine interposed between the distal
small bowel and proximal colon. This enlargement is due in
large part to accumulation of undegraded mucus (77) and can
be rapidly reversed by monoassociation with Peptostreptococ-
cus micros (32).

Other regions of the intestine also show morphologic
changes as a result of microbial colonization. The villi of the
small intestine are longer in germ-free than in age-matched
conventional animals. Limited morphologic studies (in rats)
suggest that crypts are shorter and contain fewer cells in the
germ-free state (2). Differences between germ-free and con-
ventional animals are greatest in regions of the gut where
bacterial densities are normally highest. The evolution of these
differences during postnatal development and their persistence
as animals age have yet to be defined by using precise mor-
phometric methods (68). Moreover, to show definitively that
bacteria are directly involved in creating these differences,
components of the intestinal microbiota must be introduced
into developing and adult germ-free rodents and their effects
on epithelial cell dynamics determined.

Effects on Intestinal Motility

The spatial and temporal spread of migrating motor com-
plexes in the small intestines of germ-free rats is more re-
stricted and slower than in conventional animals. This appears
to be dependent in part upon differences in the responsiveness
of the germ-free and conventional intestine to enteroendocrine
cell products (188). These differences can be eliminated by
colonizing germ-free rats with the cecal contents of a conven-
tionally raised animal (97).

The components of the microbiota that affect motility could
be defined by using ex-germ-free animals. The results may have
an important effect on our understanding of the pathogenesis
of irritable bowel syndrome, especially since transient manip-
ulations of the microbiota that lead to enteritis have been shown
to lead to persistent neuromuscular dysfunction in mice (11).

The reciprocal question—whether the enteric nervous sys-
tem affects the microbiota—can be examined by using mice
with genetic manipulations that affect the structure and/or
function of their enteric nervous systems (101, 161). For ex-
ample, a recent report noted that glial cells could be ablated
from the jejunum and ileum of ganciclovir-treated mice con-
taining a transgene composed of the mouse glial fibrillary acid
protein promoter linked to the herpes simplex virus thymidine
kinase gene. Ganciclovir-induced ablation of glial cells was
accompanied by degeneration of enteric neurons, bacterial
overgrowth, and a patchy jejuno-ileitis containing foci of hem-
orrhagic necrosis (30). Antibiotic therapy prevented bacterial
overgrowth but did not reduce the severity of the induced
intestinal pathologic changes. However, as the authors point
out, this selective bacterial decontamination does not rule out
a role for components of the microbiota in disease pathogen-
esis (30).

Effects on Epithelial Differentiation

Studies of germ-free mice have shown that morphogenesis
of crypt-villus units can be completed in the absence of mi-
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crobes. However, comparisons of germ-free and convention-
ally raised animals have revealed that components of the mi-
croflora modify the differentiation programs of intestinal
epithelial lineages at key points during morphogenesis.

One example of such a modification is provided by the Pan-
eth cell lineage. This lineage emerges as crypts form (26, 49).
In conventionally raised mice, cryptdin-positive Paneth cells
first appear on embryonic day 15 (E15). By postnatal day seven
(P7), these cells have acquired distinctive apical secretory gran-
ules. By P10, lysozyme is detectable. During the suckling-wean-
ing transition (P21 to P28), a number of glycoconjugates con-
taining fucose and sialic acid residues appear. In the absence of
microbes, the appearance of lysozyme is delayed from P10 to
P14. In addition, the expression of some fucosylated glycocon-
jugates is precociously induced and not suppressed subse-
quently during adulthood. Exposure of adult germ-free ani-
mals to a conventional flora suppresses the production of these
fucosylated glycoconjugates within 2 days, restoring one aspect
of the normal Paneth cell phenotype exhibited in convention-
ally raised adult animals (26). Given the 20-day life span of
Paneth cells, this latter response represents an example of how
components of the microflora can alter the state of differenti-
ation of an existing population of mature cells.

Intestinal epithelial cell glycoconjugates represent sensitive
markers of intestinal epithelial cell differentiation (27, 55).
They also serve as nutrients and receptors for bacteria (98, 103,
168, 169). The ability of components of the microbiota to affect
epithelial cell differentiation is illustrated by their capacity to
modify host glycoconjugate production.

Transient production of a glycolipid, fucosyl-asialo-GM,, oc-
curs in the enterocytes of adult germ-free BALB/c mice when
they are exposed to an intact conventional microbiota or a
component known as the segmented filamentous bacteria
(199). The appearance of the fucosyl-asialo-GM, coincides
with the appearance of a fucosyltransferase that adds fucose to
the acceptor molecule asialo-GM, (197).

The NMRI strain of mice provides another example of a
microbe-dependent induction of a fucosyltransferase and fu-
cosylated glycoconjugates in enterocytes (28). During the first
3 weeks of postnatal life, both conventional and germ-free
NMRI animals begin to produce Fucal,2GalB-containing gly-
coconjugates in enterocytes that populate a minor subset of
villi located in the distal small intestine. These Fucal,2GalB
epitopes can be detected with a lectin (Ulex europeaus type 1
agglutinin). In the absence of a microbiota, epitope expression
is extinguished by P28 and remains suppressed throughout
adult life. In the presence of a microbiota, epitope expression
generalizes between P21 and P28 to involve all enterocytes
located in the distal small intestine (ileum). This induction
involves replacement of Fucal,2GalB-negative enterocytes with
Fucal,2GalB-positive cells. Once replacement has occurred,
production of the Fucal,2Galp epitopes is sustained for at
least the first year of life. When the ileal and cecal microfloras
from conventionally raised NMRI mice are inoculated into
adult germ-free NMRI mice, ileal Fucal,2GalB-glycoconju-
gates are produced within 7 days. Induction is associated with
the transcriptional activation of a host a1,2-fucosyltransferase
gene. Production of these fucosylated glycoconjugates is main-
tained subsequently in the conventionalized animals.

These results suggest that the initial production of fucosy-
lated glycoconjugates in the developing distal small intestine of
germ-free NMRI mice is a marker of host preparation for life
in a microbial world. Continued expression of these glycocon-
jugates is specified by members of the microflora through a
sustainable reprogramming of enterocyte differentiation. This
programming capability is not a general property of intestinal
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bacteria. Neither Peptostreptococcus micros nor Bifidobacte-
rium infantis—an organism that secretes a-fucosidases (54,
89)—is able to specify production of fucosylated glycoconju-
gates in the epithelium of ex-germ-free adult NMRI mice.
Bacteroides thetaiotaomicron is a member of the normal intes-
tinal microflora of mice and humans. It can metabolize a va-
riety of saccharides, including fucose, derived from host and
dietary sources (169). When introduced into adult germ-free
NMRI animals, this bacterium is able to reproduce the cellu-
lar, spatial, and temporal patterns of Fucal,2Galf production
orchestrated by an intact microbiota (28). The induction is
density dependent and does not appear to require direct bind-
ing of bacteria to the host epithelium.

B. thetaiotaomicron must be able to metabolize fucose in
order for it to signal the epithelium to synthesize these fuco-
sylated glycoconjugates. A transposon-mediated disruption of
a gene required for fucose utilization blocks the ability of the
organism to signal, although it does not hamper ileal coloni-
zation. However, monocontamination of a germ-free animal
does not represent a sensitive or necessarily accurate index of
colonization potential, since there are no competing bacteria.
Bifidobacterium infantis itself is a poor colonizer of the ileum of
germ-free NMRI mice. Interestingly, colonization with Bi-
fidobacterium infantis is enhanced when it is introduced to-
gether with B. thetaiotaomicron (26a). The ability of one bac-
terial species to modify host epithelial differentiation in a way
that supports its own growth and permits colonization by a
second microbe illustrates how a microbial society may be
formed (see below). In this case, the role of B. thetaiotaomicron
may be to ensure the production of host fucosylated glycocon-
jugates that can be efficiently utilized by the a-fucosidase-
producing Bifidobacterium infantis.

This genetically manipulatable, simplified ecosystem is well
suited for studies of the molecular details of intestinal coloni-
zation. The response of the epithelium to colonization can be
defined at one or more time points in postnatal life by using
DNA microarray technology. Within the next year, the feasi-
bility of applying this approach should improve dramatically as
the number of publicly available, sequence-validated cDNA
clones increases, image-processing methods improve, software
for identifying temporal patterns of gene expression is devel-
oped, and ways of publicly presenting the data in user-friendly
formats are devised. Although the B. thetaiotaomicron genome
has not been sequenced, a global screen for bacterial genes
that are induced during colonization should be possible by
using the promoter trap strategy described by Valdivia and
Falkow (200).

Assembly of the Diffuse Gut-Associated Lymphoid
Tissue Is Modulated by the Microbiota

In humans, there are more lymphoid cells associated with
the gastrointestinal mucosa than with the spleen, peripheral
lymph nodes, and blood taken together (25). Gut-associated B
cells account for more than 80% of all B cells in the body (25).
The human gut contains 20 immunoglobulin A (IgA)-produc-
ing cells for every IgG- or IgM-producing B cell in its lamina
propria. The total daily output of dimeric IgA is 0.8 g per m of
intestine, an amount equivalent to the output of a lactating
mammary gland (25, 67).

The gut-associated lymphoid tissue (GALT) should be con-
sidered from the perspective of both its composition and spa-
tial complexity. Newer, more sensitive immunohistochemical
methods (181) have helped define the spatial organization of
the diffuse GALT (i.e., the components of the mucosal im-
mune system that are distributed throughout the lamina pro-
pria, as opposed to the components that are organized into
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submucosal lymphoid aggregates, such as Peyer’s patches). For
example, in conventionally raised adult mice, CD4™" T cells are
distributed throughout the length of crypt-villus units and are
largely confined to the lamina propria. In contrast, CD8" T
cells are largely intraepithelial and are restricted to the villus.
af3 T-cell receptor (TCR)-positive cells populate the intraepi-
thelial and lamina propria compartments of crypts and villi,
unlike yd TCR-positive cells, which are largely limited to the
villus epithelium (64).

Studies of germ-free and ex-germ-free mice have shown that
bacterial colonization affects the composition of the diffuse
GALT. The number of aff TCR-bearing intraepithelial lym-
phocytes (IELs) is increased following conventionalization of
germ-free animals with an intact microbiota (99, 198). A sim-
ilar expansion of a8 TCR IELs occurs when adult germ-free
Agus rats are conventionalized (84). Although IELs were in-
creased in number, flow cytometry indicated that the cephalo-
caudal distribution of IEL subpopulations was not affected by
microbial colonization (85).

The effects of the microbiota on the spatial organization of
components of the diffuse GALT must be addressed further. It
is possible that establishment and maintenance of the spatial
complexity of the diffuse GALT are determined, in part, by
spatial differences in the distribution of components of the
microbiota. It is also possible that the asymmetric distribution
of components of the diffuse GALT helps define niches for
various microbes.

Serum antibodies against components of the normal flora
are consistently found in humans and other mammals (13). A
mucosal immune response to components of the microbiota
can be demonstrated in ex-germ-free mice (182). This response
includes production of secretory IgAs. However, monoassocia-
tion experiments have revealed marked differences in the host
humoral immune responses to different organisms (16), even
though there are no constraints imposed upon the colonizing
bacteria by competing indigenous microbes.

The origins of these different immune responses are un-
doubtedly complex, involving both host and microbial factors.
These factors may include the relative spatial distributions of
the organism and components of the GALT, as well as the
ability of organisms to be translocated across the epithelium
and delivered to regional lymph nodes or the spleen (14, 65).
Such a hypothesis could be tested by using (i) germ-free inbred
mice, with and without genetic manipulation of defined com-
ponents of their immune systems or their epithelium; (ii) iso-
genic strains of a given bacterial species expressing defined
endogenous or foreign epitopes; and (iii) prior or simultaneous
administration of other competing organisms.

THE DIFFUSE AND ORGANIZED GUT-ASSOCIATED
LYMPHOID TISSUES INFLUENCE THE EPITHELIUM

The “trialogue” referred to above views the intestinal eco-
system as being shaped by a series of interactions involving the
microbiota, epithelium, and GALT. These interactions are
probably dynamic, reciprocal, and combinatorial, making it
difficult to separate out a dialogue from the trialogue. None-
theless, two examples illustrate the influence of the GALT on
intestinal epithelial cell biology. (i) Komano et al. used gene
targeting to show that ablation of y8 TCR cells is associated
with a reduction in crypt cell proliferation, the size of the
crypts, and the rate of epithelial cell migration. In contrast,
ablation of af TCR cells had no discernable effects on epithe-
lial cell dynamics (111). (ii) Peyer’s patches are covered by a
specialized follicle-associated epithelium (FAE) that contains
M cells. M cells are specialized for transcytosis of macromol-



VoL. 62, 1998

ecules and microorganisms to professional antigen-presenting
cells located in the underlying lymphoid follicle (172). A recent
study has shown that M cells are derivatives of the enterocytic
lineage and that they arise through a cross talk involving mem-
bers of this lineage and B cells residing in the organized GALT
(107). The evidence for this cross talk is as follows. First, a
human intestinal adenocarcinoma-derived cell line (Caco2) nor-
mally assumes an enterocyte-like phenotype when it achieves
confluency. Confluent Caco2 cells can switch to an M-cell-like
phenotype when a suspension of B cells from Peyer’s patches is
added to their basolateral surfaces. Second, injection of lym-
phocytes, recovered from mouse Peyer’s patches, into the sub-
mucosa of mouse small intestine resulted in the formation of
submucosal lymphoid aggregates with an overlying FAE con-
taining M cells. Third, the in vivo induction of an FAE with M
cells requires Peyer’s patch-derived lymphocytes and cannot be
reproduced with lymphocytes harvested from thymus or
spleen. Moreover, in vitro differentiation of enterocytes to M
cells can be programmed by B-cell-like Raj cells but not by
T-cell-like Jurkat cells.

Studies in germ-free mice monoassociated with Salmonella
typhimurium suggest that by inducing formation of an orga-
nized GALT, intestinal bacteria can contribute to the specifi-
cation of M cell fate (173). This phenomenon should also be
considered one of the factors that may determine host respon-
siveness to components of the microbiota (see above).

COLLABORATIONS BETWEEN THE EPITHELIUM AND
THE MICROFLORA HELP CREATE AN ECOSYSTEM

Most species colonizing the mammalian intestine require
fermentable carbohydrates as an energy source (168). The
repertoire of saccharides that can be released into the lumen
and metabolically processed by host factors and/or by micro-
bial fermentation varies among different host species, as well as
among individuals within a given species (42, 81).

Glycosidases that hydrolyze repetitive saccharide structures
connected via B-linkages are produced by most members of the
microbial community. Of the five principal genera present in
the adult human colon—Bacteroides, Eubacterium, Bifidobac-
terium, Peptostreptococcus, and Fusobacterium—only Fusobac-
terium contains species that are predominantly nonsaccharo-
Iytic (168). In vitro studies of several normal components of the
mouse colonic flora (E. coli, Eubacterium spp., and Fusobacte-
rium spp.) have demonstrated that their growth in a continuous
flow culture is regulated by their access to carbohydrate sub-
strates (62). Thus, carbohydrate availability probably helps de-
termine the niche that a given microbe is able to occupy.

The ability to degrade complex carbohydrates generated by
the host epithelium is restricted to a few strains of intestinal
bacteria (88, 94). Components of the colonic flora belonging to
the genera Bifidobacterium and Ruminococcus produce o-gly-
cosidases that are specific for the lacto-series core chains
(Galp1,3/4GIcNAcB1,3GalB1,4GlcB1-) of glycoconjugates found
in mucins and on the apical surfaces of intestinal epithelial
cells (22a, 6la, 87a, 156a). There appears to be an in vivo
selection for bacteria that are able to hydrolyze the oligosac-
charide chains produced by the specific individual that they
colonize. This was demonstrated by Hoskins and Boulding (90,
91) when they noted that the fecal flora of adult humans with
the histo-blood group A phenotype degrade A but not B an-
tigens while fecal flora recovered from adult humans with the
histo-blood group B phenotype degrade B but not A antigens.
These blood group antigen-degrading Bifidobacterium and Ru-
minococcus spp. comprise =1% of the cultivatable fecal mi-
crobiota (92, 139) and appear early during postnatal life, co-

INSIGHTS ABOUT THE GUT ECOSYSTEM FROM GNOTOBIOLOGY 1163

incident with weaning. Their appearance in the microbiota can
be inferred by analysis of the composition of glycosphingolip-
ids in fecal samples. As long as an infant is breast fed, fecal
glycosphingolipids resemble host epithelial cell glycosphingo-
lipids since they are derived from exfoliated epithelial cells and
have not been degraded by the microbiota. As soon as a child
is no longer exclusively fed breast milk, fecal glycosphingolip-
ids are degraded (118). This degradation process can be re-
produced in vitro by incubating purified glycolipids with glyco-
sidases recovered from the Ruminococcus or Bifidobacterium
isolates (54, 93, 117).

The impact of host oligosaccharide processing on bacterial
growth potential has been demonstrated in vitro (124). Addi-
tion of epithelial cell-derived mucins to an established contin-
uous-flow culture of anaerobic isolates from human fecal flora
belonging to the genera Lactobacillus, Bifidobacterium, Propi-
onibacterium, Clostridium, and Streptococcus, as well as coli-
forms and Bacteroides fragilis, markedly increased the levels of
secreted a- and B-glycosidases. The augmentation of soluble
glycosidases was associated with enhanced growth.

Organisms that are able to metabolize complex carbohy-
drates should have an ecologic advantage since they have di-
rect access to a host energy source and can also recruit a
population of other organisms that utilize the released
monosaccharides, further shaping the nutrient environment
and the microbiological society in their intestinal habitat. Or-
ganisms that are able to induce specific host glycoconjugate
production—such as B. thetaiotaomicron in NMRI mice or the
segmented filamentous bacteria in BALB/c mice (see above)—
may function to initiate the creation of an ecosystem by gen-
erating complex carbohydrates, thereby allowing subsequent
colonization by species with the capacity to harvest monosac-
charides from the induced oligosaccharides.

This hypothesis can be tested by using germ-free mice. As
noted above, host complex carbohydrates represent both a
marker for and a mediator of host-microbe interactions in the
intestinal ecosystem. These complex carbohydrates have been
defined structurally, and the genetic basis for their synthesis is
known (125, 203, 214). There are several reports describing
how glycoconjugates can be engineered in transgenic mice by
forced expression of specific glycosyltransferases (56, 149, 160,
180). Thus, it is now possible to produce specific carbohydrate
structures in the intestines of transgenic animals by using gut-
specific promoters (see, e.g., references 26, 47a, 150a, and
183-185) and defined glycosyltransferases. The resulting mice
can be used to study the selection of bacterial species based on
their capacity to utilize the engineered host carbohydrate and
to establish minimal functional model ecosystems.

It is important to point out that the capacity to metabolize
complex carbohydrates may come at a price, i.e., a relative
inability to metabolize other available substrates. Thus, what is
most advantageous will undoubtedly depend upon the context
and will differ for different organisms.

CROSSING THE CONTINUUM BETWEEN BEING
A MEMBER OF THE MICROBIOTA AND
BEING A PATHOGEN

Symbiotic relationships refer to those that involve mutual
gain for both partners. Parasitic relationships benefit one part-
ner but are harmful to the other. Sitting between symbiotic and
parasitic are commensal relationships, where one partner gains
whereas the other experiences neither gain nor loss. The rela-
tionship between a mammalian host and its intestinal micro-
biota is to a large extent symbiotic. However, when the com-
ponents of the microflora are viewed as single entities instead
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of as a large polymicrobic society, many species appear to
possess commensal and/or opportunistic traits. This means that
given the opportunity, most intestinal bacteria will expand
their habitats. The existence or expansion of commensal or-
ganisms in the ecosystem will have a variable impact on the
host, depending upon factors that are expressed in either the
bacterium, the given host, or both. These factors can be intrin-
sic properties or properties that are modified by environment.
In this view, pathologic changes arise through a combinatorial
mechanism where a coexistence of factors is required for ini-
tiation or progression of disease. Thus, “normal” and “patho-
genic” should be viewed as relative terms when considering the
microbiota.

Indigenous bacterial species can give rise to diseases in their
host through a variety of mechanisms. For example, when the
ecosystem is disrupted, minor components of the microbiota
may expand within their normal habitat or may move to an-
other habitat, where the host is unable to accommodate or
tolerate the new colonizer. Some autoimmune responses in the
host could arise as a consequence of immunodeterminants that
are expressed in components of the microbiota and by host cell
lineages. Potential mutagens and carcinogens could be gener-
ated through acquired or inherent metabolic activities of the
microbiota. Components of the microbiota may acquire new
genetic material via horizontal transfer. These gene cassettes
can encode antibiotic resistance (145) and can be transferred
from bacteria that only transiently reside in the gut (71). The
gene cassettes can also encode virulence factors that provide
growth and colonization advantages at the expense of normally
beneficial host-bacterium relationships. Acquisition of these
cassettes, which are known as pathogenicity islands (Pais), may
represent a general mechanism by which a pathogenic strain
emerges within the intestinal ecosystem (78). A variety of
mechanisms may underlie the selection for Pai-containing
strains in the intestine. For example, growth advantages may
be imparted by enhancement of existing, or creation of novel,
metabolic pathways. Acquisition of adhesion factors may favor
persistence within a given niche or adaptation to a new habitat
elsewhere in the gut.

Innocent until Proven Guilty

The gut microflora is an important component in the colo-
nization resistance of the host (201). This resistance applies
both to nonresident “classical” pathogens (e.g., Salmonella,
Yersinia, Listeria, and Vibrio spp.) and to resident organisms.
Potential pathogens and opportunistic bacteria are present in
the microbiota, but their census is usually restricted unless the
ecosystem is disrupted, for instance by antibiotics (7, 190). The
pseudomembranous colitis caused by Clostridium difficile is a
well-known example. Normal carriage of this bacterium ap-
pears to be low: 14% in healthy infants and 3% in adults as
defined by fecal culture or by detection of its toxins. C. difficile-
associated colitis appears only in conjunction with antibiotic
therapy or treatment with immunosuppressive drugs (7, 123).
Other examples of pathogens emerging from the normal gut
microflora and placed in new environments where they are not
tolerated by the host include bacteria associated with urinary
tract infections (E. coli [208]), septicemia (E. coli, Klebsiella
spp., members of the Enterobacteriaceae, Staphylococcus spp.,
and Enterococcus spp. [19]), and necrotizing enterocolitis in
infants (Klebsiella spp., E. coli, and Clostridium spp. [112]).

A key event in the treatment of opportunistic enterocolitis is
reconstitution of the ecological balance in the intestine (82,
201). Such a restitution can be directly curative, as has been
shown when patients with relapsing pseudomembranous colitis
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are treated by local administration of whole fecal flora (177) or
by inoculation with single bacterial strains (69, 178). These
reports point to the future possibility of using probiotic rather
than antibiotic strategies for treating certain infections. How-
ever, the complexity of the intact intestinal microbiota makes it
very difficult to study the mechanisms of colonization resis-
tance and the opportunistic traits of its various components.
Germ-free mice represent an experimental system for simpli-
fying the phenomenon of resistance to colonization and for
defining its underlying mechanisms. For example, once a min-
imal functional ecosystem has been established in their intestine,
these mice can be challenged with defined bacterial species.

Inflammatory Thoughts

Intestinal bacteria also play a role in development of graft-
versus-host disease (GVHD) following allogenic organ trans-
plantation (96). GVHD is mediated by donor lymphocytes that
react with recipient tissue antigens. Experiments in mice have
shown that GVH reactions can be completely avoided if the
recipient is germ free or if the intestinal flora of conventionally
raised animals is selectively reduced by antibiotics before
transplantation (83). These results support the notion that
GVHD involves activated donor T cells that cross-react with
bacterial antigens and host endothelial epitopes. Gastrointes-
tinal decontamination has been proven useful for preventing
infection and GVHD in recipients of bone marrow transplants
(204).

The origin of autoimmune diseases in humans remains elu-
sive. A common view holds that affected individuals have an
underlying genetic predisposition and that disease represents
an inappropriate host response to normal environmental fac-
tors. Alternatively, these diseases may represent an appropri-
ate host response to abnormal stimuli (see, e.g., references 155
and 156). There is accumulating evidence that host microbial
populations may contribute in a significant way to the patho-
genesis of these diseases (reviewed in reference 170). For ex-
ample, a pathologic state resembling human inflammatory
bowel disease (IBD) with associated ankylosing spondylitis oc-
curs in transgenic rats expressing human HLA-B27 (80). These
conditions do not occur in germ-free animals (191). Mice ho-
mozygous for null alleles of the interleukin-2 (IL-2), IL-10, or
TCR genes develop IBD when raised under conventional con-
ditions (114, 141, 164). In the case of IL-2- or IL-10-deficient
mice, inflammation does not develop when animals are raised
in a germ-free state (114, 164).

The modulating role of the microbiota in the pathogenesis
of IBD is also illustrated by chemical disruption of the epithe-
lial barrier in mice with no genetic perturbations of their im-
mune system. The IBD induced by dextran sodium sulfate is
more severe in NMRI mice reared under germ-free conditions
than in conventionally raised animals but is not limited to the
germ-free mice (9). This observation underscores the impor-
tance of considering the microbiota when designing and inter-
preting models of chronic inflammatory conditions.

The clinical and pathological similarities between postinfec-
tious aseptic joint inflammation and rheumatoid arthritis have
suggested a causative link between certain microbes and rheu-
matologic diseases (113). Retroviruses and enteropathogenic
bacteria, such as Salmonella spp., Yersinia enterocolitica, and
Shigella spp., are the most commonly invoked pathogens. How-
ever, other bacteria, including components of the indigenous
human gastrointestinal flora, have been implicated (134). Pen-
dergast et al. (154) noted that E. coli, Streptococcus spp., Staph-
vlococcus spp., and Clostridium spp. isolated from the fecal
microbiota of patients with ankylosing spondylitis express im-
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munodeterminants similar to those produced by the host sy-
novial cells. As with IBD, comparisons of germ-free and con-
ventionally raised animals have shown that the severity of both
chemical- and adjuvant-induced arthritis is modified by the
microbiota (22, 109, 110).

Bacteria as Endogenous Risk Factors for Tumorigenesis

Intestinal bacteria may contribute to colorectal tumorigen-
esis (70). Analyses of germ-free and conventionally raised mice
have demonstrated that indigenous intestinal bacteria produce
carcinogens such as alkylating agents and nitroso compounds
(104, 135, 140). Continuous exposure to these compounds
could constitute an endogenous risk factor that promotes the
multistep journey to neoplasia (58, 107).

Animals with a germ line mutation in the adenomatous
polyposis coli gene (Apc™™) develop multiple intestinal ade-
nomas (189). Conventionally raised Apc™™™ mice have a statis-
tically significant twofold increase in tumor multiplicity in the
midportion of their small intestine compared to germ-free
animals. No significant differences were noted in other regions
of the intestine (52). Although the magnitude of the effect is
modest, the regional specificity of the response is intriguing
and could reflect regional variations in the composition of the
microbiota as well as the GALT. Comparisons of germ-free
Apc™™ mice and ex-germ-free Apc™™ animals that have been
colonized with known components of the microbiota represent
the type of opportunity that gnotobiology can offer to help us
understand the contributions of bacteria and their gene prod-
ucts to tumorigenesis.

THE GASTRIC ECOSYSTEM: AN OPEN
WILDERNESS FOR MICROBES?

H. pylori Ecology

The human stomach has few resident microorganisms (76).
Colonization represents a challenge, in part because of the
harsh luminal environment. Helicobacter pylori inhabits the
stomachs of more than half of the world’s population. It has
probably coevolved with its human host so that it can adapt to
and occupy the gastric ecosystem. In most hosts, colonization is
characterized by an asymptomatic carriage that persists for
decades. In a subset of hosts (~10%) (44), colonization leads
to pathologic changes: chronic active gastritis, peptic ulcer
disease, and even neoplasia (147, 205).

The relationship between this bacterium and its human host
cannot be readily classified as parasitic, commensal, or symbi-
otic (23). However, its persistent residency in an open ecosys-
tem that contains a continuously renewing epithelium, as well
as its potential for causing overt disease in some but not all
hosts, is in some ways analogous to the relationship between
the components of the intestinal microbiota and their host. An
important advantage obtained from studying H. pylori is that
the “pathogenic” state is associated with a host response that is
readily detectable, assignable to this organism, and referable to
a genome whose entire complement of 1,590 open reading
frames is known (193). Moreover, the strategies used by this
organism to induce pathologic changes in its human host may
be generally applicable to other gut commensals.

Testing the Role of Attachment

Only a minor fraction of a population of colonizing H. pylori
is believed to adhere to gastric epithelial cells. Mathematical
modeling studies suggest that it is this adherent population
that is required for persistent colonization of its human host
(108). H. pylori colonizes a genetically diverse population of
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humans. Not surprisingly, in vitro studies indicate that this
organism can express a wide variety of binding determinants
that appear to recognize a wide variety of epithelial receptors
(46).

A transgenic-mouse model has been developed to assess
whether coexpression of a bacterial binding determinant and
its host epithelial receptor affects colonization of the gastric
ecosystem and the course of the host-microbe interactions. The
blood group antigen Lewis b (Le®) represents one well-char-
acterized epithelial receptor for H. pylori adhesins (24). Le® is
produced in the pit and surface mucous cells of the human
stomach (166). Binding to Le® appears to be determined by an
omp-related bacterial protein known as BabA (98). The human
«1,3/4 fucosyltransferase responsible for producing Le® (116)
was expressed in the surface mucous cells of transgenic mice
(56). Clinical isolates of H. pylori, recovered from Le®-positive
patients with gastritis, were then inoculated into transgenic
animals and their normal, nontransgenic, Le’-negative litter-
mates. A high-density persistent infection occurred with high
efficiency in both groups of mice (>80% after a single gavage
[72]). Bacteria were found attached to the epithelium and in
the mucus layer in transgenic mice, whereas they were associ-
ated only with the mucus layer in nontransgenic mice. Al-
though attachment was not required for colonization, it did
affect the host response. Attachment was associated with (i)
production of antibodies to Le* carbohydrate epitopes pro-
duced by the bacteria and by acid-secreting parietal cells of the
host (see below), (ii) more extensive parietal cell loss, (iii)
more severe chronic gastritis, and (iv) induction of an orga-
nized GALT (72). Thus, if an H. pylori strain expressing an
adhesin colonizes a host that produces a functional epithelial
receptor for that adhesin, the destiny of colonization may be
skewed away from a long-term commensal relationship and
toward a parasitic relationship.

Significance of Molecular Mimicry

Like other gram-negative bacteria, H. pylori lipopolysaccha-
ride (LPS) can undergo antigenic variation (48, 143). However,
H. pylori LPS is less immunogenic than the LPS of other gut
bacteria (18). This phenomenon appears to be related to the
lipid A component of LPS. The O-specific chain of its LPS
contains carbohydrate epitopes that are structurally very sim-
ilar to human fucosylated histo-blood group antigens (8, 141a).
Recent studies show that there is a high degree of phase
variation within a given H. pylori strain due to variable expres-
sion of the fucosyltransferases responsible for synthesis of
these structures (6). H. pylori contains fucosyltransferases
(193) that can add «l,2- or al,3-linked fucosyl residues to
generate Le™- and Le-containing glycoconjugates. The bacte-
rial al,3-fucosyltransferase responsible for Le* production has
sequence similarity to orthologous human «l,3-fucosyltrans-
ferases (66, 127). Studies of clinical isolates have shown a
correlation between the Lewis epitopes of H. pylori and the
Lewis phenotype of its host (208). This could reflect a prior
selection of strains that match the Lewis environment of their
gastric niches or an adaptation initiated once a strain has
entered its gastric habitat. Phase variation may underlie such
an adaptation.

Molecular mimicry represents a way of evading host immune
system surveillance. However, this evasive maneuver also in-
creases the risk of “autoimmune” disease in the host. Le* and
Le¥ epitopes are associated with mucus glycoproteins pro-
duced by mucus neck cells with the H* /K" -ATPase expressed
in acid-producing parietal cells (5, 166). Circulating antibodies
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to this protein and parietal cells are commonly encountered in
individuals with atrophic gastritis (102), including those who
have evidence of exposure to H. pylori (4, 4a, 5, 41a, 115, 144).
As noted above, a similar phenomenon can be reproduced in
mice (5, 72).

Molecular mimicry may not only contribute to H. pylori
pathogenesis but, as alluded to above, also underlie the devel-
opment of inflammatory bowel diseases. The relapsing nature
of these chronic inflammatory conditions could reflect periodic
changes in the intestinal flora and/or epithelial barrier function
in genetically predisposed hosts. This conceptualization of eti-
ology switches the focus from autoimmunity to cross-reactivity
between microbial and host immunodeterminants. Unfortu-
nately, testing this hypothesis is complicated by the changing
nature of the microbiota within and between individuals and by
the genetic diversity of human hosts. Validation in germ-free
animals represents an attractive possibility.

When Is H. pylori a Pathogen?

H. pylori illustrates how horizontal transmission of genetic
material can change a commensal organism to a pathogen. H.
pylori strains isolated from individuals with peptic ulcer disease
and gastric adenocarcinoma typically produce CagA (44) and a
cytotoxin known as VacA (126, 192). vacA and cagA are sep-
arated by 300 kb in the H. pylori genome, and vacA expression
does not require cagA expression (196, 213). H. pylori has been
divided into two major groups, type I and type II. Type I strains
are cagA™ and are associated with chronic active gastritis and
an increased risk for adenocarcinoma. Type II strains are gen-
erally not associated with the development of gastric patho-
logic findings. They lack the cagA gene, and although they
contain vacA homologs, they do not produce a functional toxin
(213). Thus, an arbitrary division into pathogenic and non-
pathogenic isolates can be made based on the presence of
cagA. This gene is part of a 40-kb cassette, termed cag (33, 45),
which is believed to originate from a source other than H.
pylori. cag encodes more than 40 putative proteins with se-
quence homologies to potential virulence factors. These fac-
tors include proteins for pilus and flagellum assembly as well as
the secretion systems used by several pathogens to export vir-
ulence factors (61, 167). Similar gene fragments, the Pais, can
be found in a number of pathogens, including Yersinia spp.,
Salmonella spp., Shigella spp., Pseudomonas aeruginosa, enter-
opathogenic E. coli, and several other attaching and effacing
organisms. Pais usually encode proteins required for the as-
sembly of adhesive structures and for protein secretion (78).
Pais are absent or very rare in nonpathogenic variants of the
same species. H. pylori attachment to epithelial cells is associ-
ated with host protein phosphorylation and pedestal formation
that is dependent on an intact cag gene (179). A similar process
occurs in enteropathogenic E. coli attachment to epithelial
cells and is dependent upon a Pai-associated secretion system
that transfers the epithelial cell receptor from the bacterium
(105). Pais contain repeated sequence elements at both ends,
which favor insertion and deletion. It is possible that strains of
H. pylori fluctuate between a cag-deficient type II state that
favors persistence without disease and a cag™ type I state that
increases the risk of developing gastric pathologic changes.

Germ-free mice provide an opportunity for examining hor-
izontal gene transfer under defined conditions (71). For exam-
ple, monocontamination with genetically tagged isogenic H.
pylori strains, with and without cag, should allow an assessment
of the frequency of such an exchange and its biological conse-
quences.
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Bacteria as Therapeutic Agents—Probiotics

Germ-free mice can be used to test the feasibility of using
“probiotic” therapy to prevent or abolish colonization of the
gut with organisms such as H. pylori. Lactobacillus spp. are the
principal bacteria found in the stomachs of normal fasting
mice. The density of their colonization is low (=10 per ml of
gastric contents). Kabir et al. (100) added H. pylori to germ-
free BALB/c mice and ex-germ-free BALB/c mice that had
been previously monocontaminated with Lactobacillus saliva-
rius. This organism inhibited H. pylori attachment and coloni-
zation. Moreover, addition of L. salivarius to ex-germ-free
mice after they had been colonized with H. pylori eliminated H.
pylori from the stomachs of these animals (100).

PROSPECTUS

The importance of understanding the relationships between
humans and their resident microbial populations has been
emphasized for over 100 years. The first report describing how
animals could be reared under germ-free conditions appeared
102 years ago (148). The questions and the technology are old,
but their applicability to understanding how the intestinal eco-
system is shaped and maintained represents an opportunity for
the modern scientist. We now have the capacity to create
simplified and defined model ecosystems in ex-germ-free mice.
We can genetically manipulate both the host epithelium and its
associated immune system, as well as potential microbial in-
habitants. The ability to perform these manipulations should
provide molecular insights into the factors that govern ecologic
stability in the gut. The combination of gnotobiotics and mo-
lecular genetics should provide a deeper understanding of how
pathogens are created, how they gain control of this habitat,
and the contributions made by “normal” gut inhabitants to
disease pathogenesis. Such understanding, in turn, could lead
to the development of novel chemicals and microbes for use in
prebiotic and probiotic strategies to prevent or cure infectious
diseases and perhaps immunopathologic disorders.
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